Small RNAs (sRNAs) are a class of gene regulators in bacteria, playing a central role in their response to environmental changes. Bioinformatic prediction facilitates the identification of sRNAs expressed under different conditions. We propose a novel method of prediction of sRNAs from the genome of Agrobacterium based on a positional weight matrix of conditional sigma factors. sRNAs predicted from the genome are integrated with the virulence-specific transcriptome data to identify putative sRNAs that are overexpressed during Agrobacterial virulence induction. A total of 384 sRNAs are predicted from transcriptome data analysis of Agrobacterium fabrum and 100-500 sRNAs from the genome of different Agrobacterial strains. In order to refine our study, a final set of 10 novel sRNAs with best features across different replicons targeting virulence genes were experimentally identified using semi-quantitative polymerase chain reaction. Since Ti plasmid plays a major role in virulence, out of 10 sRNAs across the replicons, 4 novel sRNAs differentially expressed under virulence induced and non-induced conditions are predicted to be present in the Ti plasmid T-DNA region flanking virulence-related genes like agrocinopine synthase, indole 3-lactate synthase, mannopine synthase and tryptophan monooxygenase. Further validation of the function of these sRNAs in conferring virulence would be relevant to explore their role in Agrobacterium-mediated plant transformation.
INTRODUCTION
Small RNAs (sRNAs) influence a wide range of regulatory functions in bacteria including basic metabolic processes like quorum sensing, stress responses, pathogen virulence and host-pathogen interactions (Gottesman and Storz 2011; Storz, Vogel and Wassarman 2011; Papenfort and Vogel 2014) . sRNAs are 50-500 bp in length and are mostly transcribed from the intergenic regions of bacterial genome (Sorek and Cossart 2010; Narra et al. 2016) . Most of the sRNAs directly influence gene expression through their complementary base pairing with the target mRNA resulting in the regulation of expression of various proteins. sRNAs are mostly transcribed from the intergenic region of the genome as an independent transcription unit (orphan transcription unit) or exceptionally transcribed from the promoter of the surrounding genes. A typical sRNA has an mRNA binding site at the 5 end, a rho-independent transcription terminator secondary structure at 3 end, an AAU/AAA sequence upstream of the terminator sequence and a Host factor q (Hfq) binding site upstream of the AAU/AUU sequence. Conditional expression of sRNA is mediated by various sigma factors. Generally, sRNAs bind mRNA directly at the ribosome-binding sites (RBS) or close to them. sRNA binding masks RBS of target mRNA leading to inhibition of translation by preventing the interaction of the 30S ribosomal subunit to the RBS. Thus, inhibition of translation leads to the destabilization of target mRNA by the active participation of RNase E or RNaseIII (Frohlich and Vogel 2009) . In several cases, sRNA enhances target mRNA stability by destabilizing the secondary structure of mRNA. Based on the location of transcription, sRNAs are grouped into transencoded and cis-encoded antisense sRNAs. Trans-encoded sRNAs are transcribed distantly from the target mRNA, whereas cis-encoded antisense sRNAs transcribes antisense to the target mRNA. The molecular interactions of trans-encoded sRNA (short, imperfect base pairing) with target mRNAs are facilitated by an RNA chaperone, Hfq protein.
Agrobacterium is a Gram-negative bacterium belonging to the Alpha Proteobacter class. Disarmed T-DNA of Agrobacterium is widely used as a genetic engineering tool for transferring and integrating a gene of interest into the plant genome. Transfer and integration of T-DNA is a very complex process that is greatly affected by multiple factors of the Agrobacterial and plant genotype (Ziemienowicz 2014) . The Agrobacterium genome harbors multiple replicons and their number varies among the strains. Agrobacterium fabrum is a highly pathogenic virulent strain that harbors circular chromosome, linear chromosome, Ti plasmid and At plasmid (Allardet-Servent et al. 1993; Wood et al. 2001) ; Agrobacterium radiobacter K84 is an avirulent strain of Agrobacterium that possess a circular chromosome and four plasmids; Agrobacterium vitis is yet another pathogen that infects grapevines and contains two circular chromosomes and five plasmids (Slater et al. 2009 ); Agrobacterium sp. H13-3 is an avirulent strain formerly known as Rhizobium lupini H13-3 and harbors a circular chromosome, a linear chromosome and one plasmid (Wibberg et al. 2011) .
The virulence (Vir) region of T-DNA encodes virulence proteins to execute the integration of T-DNA into the plant genome (Stachel and Nester 1986; Stachel, Timmerman and Zambryski 1987) . The proteins of chromosomal replicons facilitate T-DNA transfer by enhancing the expression of several genes such as exo-polysaccharide (Cangelosi et al. 1987; Thomashow et al. 1987) , sugar transporters (Kemner, Liang and Nester 1997) and T-DNA transport genes (Wirawan, Kang and Kojima 1993; Pan et al. 1995) .
According to earlier reports, many sRNAs are found to be differentially expressed during virulence and avirulence conditions (Lee et al. 2013; Dequivre et al. 2015) . Sigma factors are responsible for promoter recognition specificity to RNA polymerase. Apart from sigma factors that are responsible for the expression of housekeeping genes, few other sigma factors are known to play a major role in bacterial virulence (Kazmierczak, Wiedmann and Boor 2005) . Since sRNA genes are present in the non-coding region of the genome their identification using wet lab methods is found to be tedious. For the last decade, the challenges in identifying sRNAs among different bacterial groups are being addressed using advancements in computational methods. In the present study, we propose a sigma-based detection of sRNAs from the genome. By employing this programme, we have predicted 15 novel trans-encoded sRNAs from different replicons of A. fabrum, A. vitis, A. radiobacter and Agrobacterium sp. H13-3 targeting virulence genes. Ten novel sRNAs identified from the available genome and transcriptome data of Agrobacterium expressed during the virulence condition were experimentally validated.
MATERIALS AND METHODS
The schematic computational pipeline for sRNA prediction from the genome and transcriptome analysis of Agrobacterium is shown in Fig. 1 .
Retrieval of sequence
Complete genome sequence and annotation files of four representative strains of Agrobacterium, A. fabrum, A. vitis, A. radiobacter and Agrobacterium sp. H13-3, were retrieved from the National Center for Biotechnology Information (NCBI) ftp site. Genome sequences and annotation files were downloaded in Fasta nucleic acid (.fna) and protein data file (.ptt) formats, respectively. Accession numbers of various strains are listed in the supplementary data 1 available online. In order to identify sigma factordependent sRNAs, the presence of various types of sigma factor present in Agrobacterium were identified from the NCBI protein table. Furthermore, genome-wide sRNA prediction was performed based on the sigma factors binding sites in the genome.
Creation of positional weight matrix and improved sRNAscanner
sRNAscanner demarks the transcription units using consensus sequences of sigma factor binding sites (-35 and -10) and rhoindependent transcription terminator sequences. This demarcated window slides throughout the genome and compares with co-ordinates of the protein-coding table. Coding genes are discarded and only non-coding intergenic regions with high cumulative sum of score (CSS) are parsed and segregated into a separate file.
A previous version of sRNAscanner (sRNAscanner ubuntu10) uses positional weight matrix (PWM) only for housekeeping sigma factor 70 (σ 70) and rho-independent transcription termination sequences, which uses limited numbers of training sequences. However, a bacterial cell encounters large number of environmental stresses during which specific sigma factors get expressed leading to the regulation of expression of a specific set of transcripts. Therefore, multiple numbers of DNA binding sequences (motifs) of several conditional sigma factors (σ 24 (extra cytoplasmic/extreme heat shock sigma factor), σ 32 (Heat shock sigma factor), σ 54 (Nitrogen limitation sigma factor) and σ 70 (housekeeping sigma factor)) binding sites (-35 and -10 sequences) and rho-independent transcription terminator sequences (more training sequence were added as compared for previous version) from different bacteria were retrieved from different databases and from a literature search. These sequences were subsequently aligned using stand-alone Clustal Omega tool (Sievers et al. 2011) . Multiple aligned sequences were used for PWM creation using script provided along with sRNAscanner script. Furthermore, consensus sequence logos were generated using the Web logo server (http://weblogo.berkeley.edu/) (Crooks et al. 2004) .
The abovementioned matrices were used to identify sRNAs from the complete bacterial genome using sRNAscanner (Sridhar et al. 2010 (Sridhar et al. , 2013 . sRNAscanner was used with a CSS of 12.
Calculation of coding potential for predicted sRNAs
In order to ensure the non-coding nature of the sRNA, the protein coding potentials of the transcripts were assessed based on coding potential score (CPS) using the coding potential calculator (http://cpc.cbi.pku.edu.cn/server). Accordingly, CPS score -1 represents weak non-coding and +1 means weak coding of the transcript (Kong et al. 2007) . From the CPC analysis, transcripts with a true non-coding nature were considered for further annotation of sRNA.
Calculation of size and GC% distribution for sRNAs
In order to measure the length and stability of the putative noncoding transcripts, total sequence length and GC content were measured using customized PERL script. A distribution plot was made to identify the medium size and GC content distribution in non-coding transcripts.
Screening for novel sRNAs
To remove other regulatory non-coding RNAs predicted along with sRNAs, the predicted non-coding RNAs were checked in the Rfam database (19 December 2016) . In order to identify already reported sRNAs, putative non-coding transcripts were blast in the Bacterial Small Regulatory RNA Database (BSRD) (Li et al. 2013) . Filtered putative non-coding RNAs (sRNAs) were used for further analysis. The sRNAs were also compared with previous reports to confirm their novelty.
Target prediction for sRNAs
Targets of the trans-encoded sRNAs were predicted using the TargetRNA2 tool (http://cs.wellesley.edu/∼btjaden/ TargetRNA2/). TargetRNA2 is a web server that predicts RNA-RNA (sRNA-mRNA) interaction based on hybridization energy within a specific bacterial strain (Tjaden 2008) . Furthermore, sRNA-mRNA interaction pairs are ranked based on these hybridization energy values. Only mRNA interacting sRNA were used further for secondary structure prediction.
Secondary structure prediction of sRNAs
RNAfold (http://rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi) was used for predicting the secondary structure of sRNAs. sRNA FASTA sequences was used for calculating minimum free energy ( G) based on partition function (default parameter) (Hofacker 2003) .
Agrobacterium transcriptome data analysis for sRNA identification Moller et al. (2014) sequenced the cDNA library of A. fabrum C58 under eight different conditions (control and Hfq-bound sRNAs from virulence-induced and non-induced conditions and from different optical densities of exponential phase of growth) by co-immunoprecipitation and Illumina RNA sequencing. Among them, the sra files of four cDNA libraries were synthesized under different conditions, namely control from -Vir (noninduced) conditions, Hfq-bound RNA from -Vir (non-induced) conditions, control from +Vir (virulence-induced) conditions and Hfq-bound RNA from +Vir (virulence-induced) conditions were downloaded from the NCBI GEO dataset. These datasets were used to identify the intergenic sRNAs that were expressed specifically under virulence conditions during T-DNA transfer. The SRA tool kit was used for extracting the transcriptome reads from SRA files in FASTQ format (Leinonen, Sugawara and Shumway 2011) . PolyA, polyT and Illumina adapters were removed using the cutadapt tool (Martin 2011) . Sequence quality was analyzed using FastQC. Sequence reads having phred score more than 20 were used for further analysis. Trimmed reads were aligned to the Agrobacterium genome using Rockhopper tools for transcriptome read counting (McClure et al. 2013; Tjaden 2015) . The RPKM (reads per kilobase of transcript per million mapped reads) value of both the Hfq-bound RNA from -Vir (non-induced) conditions and Hfq-bound RNA from -Vir-induced conditions were compared for calculating the fold change. Reads of the coding and non-coding transcripts were separated and aligned to the reference genome. The sRNA sequence was aligned to the genome and visualized using the Integrative genome viewer (IGV). Based on the alignment, non-coding transcripts are considered as sRNA. Genomic co-ordinates of predicted sRNA were extracted from the genome using either Samtools or bedtools. Genomic co-ordinates of these predicted RNA are provided in the Rockhopper output file.
Prediction of promoter and terminator for sRNAs from the genome
The promoter and terminator regions of sRNAs were analyzed from the region upstream of the transcription start site (TSS) and downstream of the transcription end site (TES), respectively. Genomic co-ordinates of 150-nt sequences upstream of TSS and 150-nt sequences downstream of TES were extracted using 'Bedtools' (Quinlan and Hall 2010) . After extraction, 'bprom' was used to identify the binding sites of σ 70 (Promoters et al. 2016) . 'Arnold' was used for rho-independent terminators (Naville et al. 2011) .
Semi-quantitative PCR
Agrobacterium fabrum C58 culture was grown in YEP medium for 16 h at 28
• C followed by 8 h of growth at 23
• C in AB minimal medium with 0.1 mM acetosyringone. RNA was isolated as described by Wise, Liu and Binns (2006) . cDNA was synthesized with a first strand cDNA synthesis kit (ABI). Semiquantitative polymerase chain reaction (PCR) was performed for 10 sRNA candidates with two biological replicates. 16S rRNA was used as a positive control. Semi-quantitative PCR was performed without template and reverse transcriptase as negative controls to rule out the possibility of amplification due to primer dimer formation and DNA contamination, respectively. The following PCR conditions were used for sRNA amplification: denaturation at 95
• C for 30 s, annealing at 60
• C for 20 s, extension at 72
• C for 30 s, for 35 cycles. The densitometry scanning was performed using the software ImageJ, available at http://rsbweb.nih.gov/ij/download.html.
RESULTS

Creation of PWM and improved sRNAscanner
Before predicting the conditional sRNAs based on the transcription site it is necessary to identify different sigma factors that are being encoded by respective genomes. We found the existence of four sigma factors coding genes, namely σ 24, σ 32, σ 54 and σ 70, in the Agrobacterium genome. DNA binding sites for all these sigma factors were used to create PWMs from the FASTA file (supplememtary data 2 available online) and sequence logos were generated from aligned sequences. Log odd score or log likelihood score of each sigma factor binding site and sequence logo are provided in the supplementary data 3 available online. Log odd score distinguishes the conserved functional site and random sites. Although, the log odd score of each nucleotide position was not completely conserved, the binding sites for sigma factors are found to be mostly A/T rich (Paget 2015) . Using this PWM, various sRNAs were identified from four different strains of Agrobacterium. The total number of sRNAs predicted from each Agrobacterial strain is graphically represented in Fig.  2A . The genome size and number of replicons was found to vary among the Agrobacterium strains. Therefore, the total number of predicted sRNAs from each strain could not be compared with that of the other strains. The predicted sRNA contents of these four strains are found in this order: A. vitis > A. radiobacter > A. fabrum > Agrobacterium sp. H13-3. Most of the sRNAs were found to be regulated by σ 32 and σ 54. The total number of sRNAs for each sigma factor is given in the Table 1 . Most of the sRNAs from A. fabrum, A. vitis and Agrobacterium sp. H13-3 are mainly transcribed from the negative strand, whereas in A. radiobacter, sRNAs are mostly transcribed from the positive strand.
The maximum number of sRNAs are predicted from the chromosomes in the order of replicon1 > replicon2 > replicon4 > replicon3 > replicon5 > replicon6 > replicon7.
Length and GC% content distribution of sRNAs
In general, sRNAs are found to have length in the range of 50-500 bp. sRNAs that are <50 and >500 bp were excluded from the present study and the rest were used for further analysis. Most of the sRNAs predicted from Agrobacterial genomes were found to have length of 50-200 bp. GC contents of sRNAs were found to be in the ranges of 30-80%. The majority of them were found to have 50-60% GC content ( Fig. 2Ae and f) .
Comparison of sRNA between the strains
It has been reported that many sRNAs are conserved and known to possess a highly conserved physiological role. However, many of the sRNAs are found to be strain specific, which in turn might have unique role in bacteria. Therefore, the sRNAs predicted were compared between the strains. From the analysis, it was found that 31 sRNAs were conserved between A. . Hence, sRNAs predicted using σ 32 from A. fabrum were used for further analysis. Initially, 144 sRNAs were predicted to be transcribed by σ 32. Among them, 105 sRNAs were found to be unique to A. fabrum and are predicted to play a major role in Agrobacterial virulence during plant-pathogen interactions.
Screening of novel sRNAs
Initially, sRNAs were compared for their molecular and structural features with the previously reported sRNAs from literature. A total number of five, eight and four sRNAs that were predicted from A. fabrum overlapped with the sRNAs previously identified by Lee et al. 2013 , Dequivre et al. 2015 and Wilms et al. 2012a , respectively (supplementary file 4 available online). It is known that Rfam and BSRD are the biggest database repositories available for characterizing bacterial non-coding RNA. Bacterial cells harbor a variety of non-coding RNAs besides sRNAs. Therefore, it is necessary to validate the predicted sRNAs as to whether they are really sRNAs or any other regulatory RNAs. A total of 105 sRNAs found only in A. fabrum were searched against the Rfam and BSRD databases. Only two non-coding RNAs were found to be common against predicted sRNAs in the Rfam database (ar14a and t-RNA sequence) and four sRNAs were mapped to suhB, SAMII riboswitch, C2 and SpeF genes of Agrobacterium, Rhizobium, Sinorhizobium, Mesorhizobium and Chelativoran in the BSRD database. These six non-coding RNAs were eliminated and the remaining 99 sRNAs were used for mRNA target prediction.
Target prediction
Within the cell, sRNAs are known to interact with many other mRNAs in order to mediate post-transcriptional gene regulation. Therefore, it is necessary to identify the relevant mRNA targets of the sRNAs. To screen the sRNAs that directly influence A. fabrum virulence post-transcriptionally, putative targets of the sRNAs were predicted using the TargetRNA2 tool. Among 99 sRNA sequences, 52 sRNAs were found to target virulence genes that are present in the Ti plasmid (supplementary data 5 available online). The target sites of these sRNAs were mostly complemented with the binding site at different virulence genes such as Vir B genes (B1, B2, B3, B6, B7, B8, B10), Vir C (C1 and C2), Vir D (D3 and D4), Vir E (E1, E2, E3), Vir F, Vir G, Vir H and Vir K. Based on the quantum of minimum interaction energy, the number of sRNA target sites at virulence genes and significant P-value (<0.05), 15
sRNAs from 52 sRNAs were selected for further analysis. sRNAs 1, 3, 5, 9, 12, 17, 18, 28, 29, 34, 36, 37, 41, 50 and 51 are predicted to have their target site at virulence genes C1, B3, E2, G, D3, H, F, B6, C1, K, E1, B6, E3, E0, B7, B10, D4 and B2, respectively. sRNAs 3, 28, 34, 36 and 50 were predicted to target more than one virulence gene.
Secondary structure prediction of sRNAs
Secondary structure was predicted for 15 sRNAs using the RNAfold server. The predicted minimum free energy for the sRNAs ranges from -25 to -100 kcal/mol (supplementary file 6 available online).
Agrobacterium transcriptome data analysis for sRNAs identification
The sra file used for our analysis is shown in supplementary file data 8 available online. A total of 384 intergenic sRNAs were predicted from the transcriptome data of different replicons of A. fabrum (Fig. 3) , of which 225, 113, 18 and 28 were from circular, linear, Ti plasmid and At plasmid, respectively. Most of the sRNAs were categorized under the general pre-defined parameter of sRNAs in the range of 50-200 bp in length and 40-70% GC content. The sRNAs that do not fall in this category were eliminated and a final tally of 62 sequences was obtained. For further analysis, the sRNAs that had >1-fold change in vir gene expression with the acetosyringone induction were considered. A total of 24 sRNAs, from circular (8), linear (8), Ti plasmid (6) and At plasmid (2) replicons, have >1-fold change. These sRNAs were aligned against the BSRD and Rfam databases to screen the known RNA sequences. Among the sRNAs predicted from different replicons, a total of 7 sRNAs (5 sRNAs from circular and 2 sRNAs from linear chromosome) mapped to t-RNAs and 4 sRNAs mapped to the rRNA family (24 -7 − 4 = 13). After eliminating these sRNAs, a total of 13 sRNAs (2 sRNAs from circular chromosome, 3 sRNAs from linear chromosome, 6 sRNAs from Ti plasmid and 2 sRNAs from At plasmid) were subjected to further analysis. Out of 13 sRNAs, 10 were taken for analysis. The secondary structures were predicted for these 10 sRNAs and further, the target and the flanking genes for these sRNAs were predicted using TargetRNA2 and IGV (Table 2) . sRNAs characterized from transcriptome analysis were predicted to directly interact with important metabolic mRNAs of two component regulator proteins and membrane binding proteins, which in turn directly influence the induction of virulence genes. 
Experimental validation of sRNAs
From the combined genome and transcriptome data, one sRNA from circular chromosome, two sRNAs from linear chromosome, five sRNAs from Ti plasmid and two sRNAs from At plasmid were selected. Out of five sRNAs from Ti plasmid, four of them were present in T-DNA regions.
Semi-quantitative PCR
The primers used in the study are listed in supplementary data 7 available online. Densitomeric analysis of semi-quantitative PCR revealed that the 16S rRNA expression was constant in both virulence-induced and non-induced conditions; a significant increase in fold change was observed for the 10 different sRNAs as compared with the virulence non-induced sRNAs (Fig. 4) .
DISCUSSION
Several analytical strategies involving genome-wide and transcriptome-level characterization and computational methods have been employed to identify sRNAs from bacteria. In order to understand the functional role of sRNA in plantpathogen interactions it is important to find out whether it targets its own virulence genes or whether it gets transferred to the host cells and consequently regulates host cell gene expression. Previously, many differentially expressed sRNAs of Agrobacterium were identified with RNA-Seq (Lee et al. 2013; Moller et al. 2014) and novel sRNAs involved in virulence were also experimentally validated by rapid amplification of cDNA ends-PCR and reverse transcription-PCR (Dequivre et al. 2015) . However, these methods failed to identify the entire array of sRNAs that are expressed under various conditions regulated by several sigma factors. sRNAscanner, developed by Sridhar et al. (2010) , has the feature to identify sRNAs based on binding motif of sigma factor 70 alone, which regulates the expression of housekeeping genes. Here, we have improvised the sRNAscanner such that it is possible to identify the sRNAs regulated by several conditional sigma factors such as 24, 32 and 54. By using this sRNAscanner, 400 novel sRNAs were identified from the A. fabrum C58 genome, based on the housekeeping and conditional sigma factor binding motifs. We have also predicted several sRNAs from different strains belonging to both pathogenic and non-pathogenic Agrobacterium. Comparing our sRNA data with the previously published data, a total of 17 new sRNAs were identified in A. fabrum, 7 in A. radiobacter, 1 in A. vitis and 11 in Agrobacterium sp. H13-3 strain (Lee et al. 2013; Dequivre et al. 2015) . Most of the previous reports regarding sRNAs were based on A. fabrum. In the present study, we have identified sRNAs from A. vitis, A. radiobacter and Agrobacterium sp.H13-3, non-pathogenic Agrobacterium. Intra-strain-specific sRNAs analysis revealed that most of the sRNAs are encoded by σ 32 and σ 54. sRNAs identified from the genome by using conditional sigma factor were compared with sRNAs derived from transcriptome data to identify differentially expressed sRNAs under virulence conditions. Based on comparative analysis, only 10 sRNAs were found to overlap between the genome and transcriptome data. Semi-quantitative PCR analysis has confirmed the presence of these 10 sRNAs. Thus, our study not only predicts sRNAs based on sigma factors but also provides information on the expression of predicted sRNAs. As Ti plasmid plays a major role in virulence, out of 10 sRNAs identified from genome and transcriptome data across the replicons, 4 novel sRNAs were found to be expressed from T-DNA region flanking the major virulence accompanied genes like agrocinopine synthase, indole 3-lactate synthase, mannopine synthase and tryptophan monooxygenase. These Ti plasmid-derived sRNAs showed significant increase in expression during virulence of Agrobacterium. Hence, this finding provides evidence that Agrobacterium sRNAs might have a regulatory role in Agrobacterial virulence. Further validation of these sRNAs might help to understand their functional significance in plant-Agrobacterium interactions and also this could be a valuable tool to improve plant transformation efficiency.
